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Natural gas has been used globally as a transitional fuel for supporting a green-energy-supply strategy,
which has been questioned for the intermittence and lack of reliability of renewables. This paper pro-
poses a System Dynamics model for assessing alternative security of supply policy along the natural gas
value chain. The model incorporates demand, transport, production and reserves of natural gas variables
according to a systemic perspective. It also includes a module for evaluating the effect of natural gas price
on the demand and supply levels, respectively. Alternative supply policies are evaluated under different
scenarios. The chosen case-study focuses on the Colombian natural gas industry with the purpose of
assessing how the impact of public policies affect supply and demand. Particularly, policies consider the
allocation of resources along the natural gas supply chain, seeking to promote the development of
infrastructure oriented to mitigate the risk of provision shortages.
© 2020 Elsevier Ltd. All rights reserved.1. Introduction
Renewable energy sources are essential as part of the green
energy agendaworldwide [1]. Natural gas is also includede despite
being considered a non-renewable energy source e because it is
identified as a “low-carbon-emitter” for power generation and
transport globally [2].
The reserves of natural gas increased 18.2% between 2007 and
2017 worldwide, reaching 193.4 Trillion Cubic Meters [TCM] ac-
cording to the following distribution: 40.9% in the Middle East,
30.6% in the Commonwealth of Independent States (CIS), 10.0% in
Asia Pacific, 7.1% in Africa, 5.6% in North America, 4.2% in South and
1.6% in Central America and Europe. The production of natural gas
between 2007 and 2017 raised 25.12% worldwide, ranging from
2.94 to 3.68 [TCM], allocated as follows: North America 25.9%, CIS
22.2%, Middle East 17.9%, Asia Pacific 16.5%, Europe 6.6%, and Africa
6.1%, South and Central America 4.9% [3]. In contrast, worldail.com, mbecerra@ucatolica.
nipa.it (F. Cosenz), isaac.consumption between 2007 and 2017 increased by 24.08%, from
2.96 to 3.67 [TCM]. The reported share of energy consumptionwas:
North America 25.7%, Asia Pacific 21.0%, CIS 15.7%, the Middle East
14.6%, Europe 14.5%, South and Central America 4.7% and Africa
3.9% [3].
As reserves of natural gas are declining rapidly in Colombia. The
question is whether this fuel can help the transition towards re-
newables and how secure this may be. Between 2010 and 2016,
natural gas reserves in Colombia showed an average annual change
of 6%, decreasing from 7.1 to 5.3 Trillion Cubic Feet. Production
showed a critical decrease between 2014 and 2017, with an average
decrease of 5.52%, from 1153 to 955 Giga BTU per day [GBTUD],
between 2014 and 2017. This contrasted with a demand increase of
3.4% between 2009 and 2015, showing significant reductions of gas
reserves in the country [4].
As an indicator of reserve levels against the production of nat-
ural gas, the reserves-production per year ratio (R/P) establishes the
number of years up to exhaustion. This ratio on a global level
ranged from 62 in 2007 to 51 in 2017, according to the following
distribution: Middle East 120, CIS 73, Africa 61, South and Central
America 46, Asia Pacific 32, Europe 12 and North America 11 [3]. In
Colombia, the indicator moved from 18.1 in 2010 to 12.6 in 2017,
estimating that, with the current reserves and at the same pro-
duction rate, it will reach 0.8 by the year 2030 [4].
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hydroelectricity, and also on thermal generation using natural gas
and coal. The reported capacity in place in 2018 was 17720 mega-
watts [MW], with a 70% share of water sources, 9% of natural gas, 9%
of coal and 7% ACPM [5]. Colombia is affected by a recurrent cli-
matic phenomena called "El Ni~no", which is characterized by dry
periods or droughts, that reduce river flow-levels, threatening hy-
droelectricity production in the country. Given its lower environ-
mental impacts and costs as opposed to the use of coal [6], thermal
generation through natural gas is considered as a source of support
for the energy system during those periods when this phenomenon
occurs [4].
In addition, through the analysis of demand scenarios, the
Mining and Energy Planning Unit of Colombia (known as UPME)
highlights a potential deficit in the supply of the resource by
February 2024, thereby indicating that the country needs to make
prompt decisions to achieve a sustainable supply setting [7].
Against this background, exploring the mechanisms underlying
the natural gas supply in Colombia is considered of great impor-
tance in terms of government policy design. Emerging policies
point to the transition to clean energy sources and to reliably
support the power industry, thus offering a greater contribution to
the environmental sustainability through the reduction of CO2
emissions, the decrease in consumer price, which also fosters the
economic and competitive development of the country. In this
context, this paper poses the following research question:What are
the capacity levels of production facilities and natural gas transport
networks adequate to guarantee an uninterrupted supply of natural
gas in Colombia?
In this context, the system dynamics (SD) approach was chosen
for addressing the above research question. SD has been widely
used for alternative policy assessment [8e15]. The main advantage
of SD is that it explains endogenously how the system evolves over
time through the feedback of causes and effects [16,17]. Its system
perspective is particularly relevant when alternative future sce-
narios are considered, as it is the case in this research. This meth-
odological approach can not only model highly complex systems
but also facilitates policy and strategy design for managing system
change.
This paper is organized as follows: first, the literature review is
presented and the main critical issues of this research are identi-
fied. Next, in the modeling section, the research hypothesis is dis-
cussed through the analysis of causal loop diagrams and stocks and
flows structures. Subsequently, the model variables and associated
input parameters are framed and causally connected, thereby
validating the emerging SD model. The results section analyses the
behavior of the system under three simulation scenarios that
combine variables upon which public policy makers (i.e., national
government) can intervene in the supply of the analyzed resource.
Eventually, conclusions are discussed summing up the main con-
tributions of studying the natural gas supply chain through the
relationship between demand, transport, and production.2. Literature review
The software Tree of Science has been used for conducting the
background analysis. Such software performs a narrative search,
analysis of citation patterns (networks) and meta-analysis, classi-
fying the articles in classic articles (root), structural articles (trunk)
and recent articles (leaves) [18]. The literature review is based on
the most relevant research carried out from the following per-
spectives: modeling natural gas supply chain policies and the
application of SD methodology in the natural gas supply.2.1. Modeling natural gas supply chains policies
Some research highlighted in terms of the design and planning
of resources in the shale gas supply chain, using mathematical
models of optimization [19,20]. Other research is also relevant in
the study of the design and optimal planning of the supply chain of
biomass-to-liquids (BTL) considering economic and environmental
criteria through the application of a model of optimization [21].
In terms of structural articles, reviews analyze the research and
mathematical models applied to the performance and optimal
design of energy supply chains (shale gas case in the latter). They
remark on the relevance of the geographical location of the facil-
ities on the economic, environmental and social impact, in addition
to the importance of optimization models in the study of energy
systems [22,23]. Research related to the design, planning and
optimization of the shale gas supply chain network, mainly
consider environmental issues [24,25]. These papers use optimi-
zation and simulationmethods. It is worth considering the research
on planning activities focused on natural gas supply chain networks
at several levels (i.e., strategic, tactical and operational), where
optimization models are mainly used to reduce costs and facilitate
an effective allocation of resources across the supply chain [26e29].
The most recent articles can be classified in those related to
Bioenergetics, Liquefied Natural Gas (LNG), Shale Gas and Natural
Gas. In the field of bioenergetics, some research contributions are
significant [30e33]. There, the design and optimization of biomass,
biogas, biodiesel and, biomethane supply chain networks are
analyzed through economic and optimization models. Other
research suggests the supply of Green gas as an alternative to
natural gas for seasonal demands, using an optimization model
[34]. In the strategic planning process among the actors of the
supply chain, as well as in the design of strategies for importing and
ensuring the supply of Liquefied Natural Gas (LNG) through
comparative and optimization models. Some investigations are
quite valuable [35e38]. In the case of shale gas, there is research on
supply chain planning, investment in infrastructure, allocation of
resources and reduction of environmental impact, in which utility
optimization models are used for sustainability purposes [39e43].
From a more systemic perspective, some models in the fossils fuels
field for decision making by operators and investors, use an inte-
grated approach [44,45].
Specifically, in the exploration of natural gas supply chains,
some studies are of great interest. For instance, a literature review
related to the effective use of natural gas supply chain mapping has
been developed [46]. A Dynamic Upstream Gas Model [47] and the
use of a probabilistic model [48] have been proposed for under-
standing the emissions and environmental effects of the natural gas
supply. By adopting a Montecarlo model, some authors analyzed
the supply chain in which natural gas is managed to generate
electricity [49]. The allocation of capacities and infrastructure in the
supply of natural gas through optimization models is also analyzed
[50,51]. Studies on the infrastructure for transportation and dis-
tribution of natural gas are developed [52,53], while others
consider the effects of the demand for the helium supply chain,
through mixed-integer linear programming models [54].
As it is observed, the developed research contributions
regarding the problem of energy supply and especially natural gas
are mostly conducted by means of optimization modeling applied
to the supply chain. Alternative approaches may benefit from the
assessment of the supply of natural gas, through the coordination
and integration of capacity decisions, thus addressing issues related
to the timely attention of consumer’s demand. Appendix A (see
Table 6). shows a summary of the above-mentioned literature
review.
M. Becerra-Fernandez et al. / Energy 205 (2020) 118018 32.2. System dynamics applied to the natural gas supply
SD methodology has been used to explore the supply of energy
sources. The extant research studies on this topic are shown below,
with the aim to illustrate the investigations in this field and identify
the gaps associated with the natural gas supply by using this
approach.
Among the main studies related to the adoption of SD for the
supply of natural gas, it is worth mentioning the research contri-
butions [55e57]. Other research pieces have addressed the study of
the energy market and natural gas using SD [58e60]. The SD
methodology has proved to be useful for supporting policy and
decision-making processes [12,15,61,62]. Some studies also
consider the environmental impact of energy supply [63e66]. In
other research close to the purposes of this paper, SD models for
assessing the natural gas supply have been discussed [8e11].
Once the relevant literature has been mentioned, main findings
reveal that policy opportunity has not been assessed for the gas
industry through the combination of supply chain management
approach and SD, which is the focus of this research, thus making a
novel contribution for evaluating the potential effects of public
policies on the sustainable supply of natural gas. Appendix B (see
Table 7) includes a summary of the literature review on SD
modeling applied to power supply.3. System dynamics modeling of the natural gas supply chain
This section shows a natural gas supply chain SD model for the
Colombian case, which we can use to identify the impact of public
policies and how the main actions in terms of capacity expansion
may meet the demand over time.3.1. Model conceptualization
In the conceptualization of the SD model, the main operations
forming the supply of natural gas are identified in Fig. 1. Namely,
they are: reserves (proven, probable and possible), production,
transport and demand (includes the electricity generation and non-
generation sectors) [67].3.2. Causal loop diagram (CLD)
The following approaches were used for the formulation of the
research hypothesis on which the proposed model is based: the
supply and demandmodel [68], the analysis of policies for emission
mitigation [69], the supply chain modeling [70], and the assess-
ment of public policies for the supply of natural gas [8e10]. The
research hypothesis is explained below and shown in Fig. 2. The
description of the variables included are shown in Table 1.Fig. 1. Conceptualizati The modeling of the supply of natural gas considers the rela-
tionship demand, transport, production and reserves (like a
supply chain), and enables us to observe the effect of the re-
sources allocated in transport capacity, production capacity and
reserves development through public policies implementation,
instead of planning and supplying the domestic consumption
sectors individually.
Fig. 2 exhibits the feedback loops used in the model and is
explained below:
 Demand loop: increasing the demand generates a decrease in the
supply margin of natural gas. An increase in the supply margin
produces a reduction in the consumer price, which increases the
natural gas demand. In addition, an increase in demand gener-
ates a signal in the supply for a decrease in the reserve capacity.
 Transport loop: increasing the consumer price encourages new
transport capacity, with some delay due to the implementation
time. When transport capacity increases, an increase in supply
margin is induced (triggered, spurred). An increase in transport
capacity produces increases in the supply margin.
 Production loop: a change in wellhead price encourages the
construction of new capacity in natural gas production, which
increases the production capacity over time. Increases in pro-
duction capacity reduce the extraction margin which, in turn,
increase the wellhead price.
 Reserves loop: the wellhead price encourages exploration of new
reserves. Allowing for a time lag for exploration, the reserve
capacity increases. An increase in reserves leads to an increase in
the extraction margin, thus affecting the wellhead price.3.3. Stocks and flows diagram
The stocks and flows diagram is based on the approach of
Becerra et al. [8e10] (see Fig. 3). Additionally, the equations of the
model developed through the software iThink can be seen in
Appendix C and explained below.
The stock variables represent fluctuations in the levels of natural
gas reserves in order to meet the customer demand. The unit of
measure used in the stocks is Giga Cubic Feet [GCF]. The first stock
is presented, the others can be deduced from the stocks and flows
diagram described (see Fig. 3), which corresponds to the possible
reserves (PR), representing the estimated volume of natural gas
that has not been explored.
dPR
dt
¼NRD RD (1)
Where (NRD) represents the new reserves development and (RD)
represents the reserves development, which generates an increase
in the reserve capacity.on of the model.
Fig. 2. Causal loop diagram (CLD) of the model.
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RD¼ PR
TRD
(3)
The historical average reserve capacity increase is represented
as (ARCI), while (EWPR) represents the effect of the wellhead price
on reserve capacity, as shown in Fig. 4. (TRD) corresponds to the
time for the development or exploration of new reserves.
The reserves capacity (RC) represents the volume of gas reserves
available in the country. These are consistent with the goals set by
the reserves policies (RP) and the consequent investment increases
in new reserve development (RD) (through new exploration and
reserves development projects, as described in Table 4). This level
variable (RC) is reduced by obsolescence (ORC), considering its
given lifetime (RCL).Table 1
Description of the variables included in CLD.
Feedback loop Variable Description
Reserves Possible reserves Natural gas reserv
Reserves capacity Developed natura
Reserves and Production Extraction margin Ratio between res
Wellhead price Price of natural ga
Production Production capacity under construction Generation of pro
Production capacity Natural gas produ
Transport Transport capacity under construction Generation of tran
Transport capacity Natural gas transp
Transport and Demand Supply margin Ratio between sup
Consumer price Price of natural ga
Demand Natural gas demand Price of natural gaORC¼ RC
RCL
(4)
The wellhead price (WP) is the natural gas price considering the
extraction and the production (see Fig. 5), which is based on the
extraction margin (EM).
EM¼ PRþ RC
PCUC þ PC (5)
The production capacity under construction is represented as
(PCUC), while (PC) represents the total production capacity of the
supply chain. Whereas (NPCC) represents the construction of new
capacity in production, (PCC) represents the completion of pro-
duction capacity.
NPCC¼APCI,EWPP (6)es with a probability of extraction.
l gas reserves, available for production.
erve levels and production levels.
s at the point of extraction, affected by the extraction margin.
duction capacity, considering the time for the construction of new infrastructure.
ction capacity in the supply chain.
sport capacity, considering the time for the construction of new infrastructure.
ort capacity (interconnected national networks).
ply capacities (production and transport) and demand levels.
s at the point of extraction, affected by the extraction margin.
s to the consumer, affected by the supply margin.
Fig. 3. Stocks and flows diagram of the model.
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TPCC
(7)
The historical average production capacity increase is repre-
sented as (APCI), while (EWPP) represents the effect of the wellhead
price on production, as shown in Fig. 6. (TPCC) corresponds to the
time for the implementation of new production capacity projects.
The production capacity (PC) is the volume of production that
the country can supply, which is calculated by adding (see Table 4):
a) the increase in the production capacity completion of infra-
structure projects (PCC) and b) the increase in the production
policies (PP), through the implementation of new productionFig. 4. EWRP graphical behavior.projects. This level variable (P) is reduced by obsolescence (OPC)
considering a lifetime (PCL). The transport capacity under con-
struction is represented as (TCUC).
OPC¼ PC
PCL
(8)
(NTCC) represents the construction of new capacity in transport,
and (TCC) represents the completion of transport capacity.
NTCC¼ATCI,ECPT (9)Fig. 5. WP graphical behavior.
Fig. 6. EWPP graphical behavior. Fig. 8. CP graphical behavior.
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TTCC
(10)
The historical average transport capacity increase is represented
as (ATCI), and (ECPT) represents the effect of consumer price on
transport, as shown in Fig. 7. (TTCC) corresponds to the time for the
implementation of new projects.
The transport capacity (TC) is the volume of transport that the
country can supply. This includes the increase in the transport ca-
pacity completion of infrastructure projects (TCC) and the increase
in the transport policies (TP), through the implementation of new
transport projects as described in Table 4. This level variable (TC) is
reduced by obsolescence (OTC) considering a lifetime (TCL).
OTC¼ TC
TCL
(11)
Consumer price (CP) is influenced by the demand (see Fig. 8),
which is based on the supply margin (SM).
SM¼ðPC þ TCÞ=2
D
(12)
The total demand of natural gas is represented as (TD), where
(DG) represents the demand growth.
DG¼DAI,PD,ECPD (13)
The historical average demand increase is represented as (DAI),Fig. 7. ECPT graphical behavior.(PD) represents the potential demand at the time. Additionally,
(ECPD) represents the effect of consumer price on demand, as
shown in Fig. 9.
For the analysis of the natural gas flow in the supply chain, the
model presents the level of reserves (RL), the level of production
(PL) and the level of transport (TL). Each of them are causally con-
nected.While (RLI) represents the increase in the reserve level, (PLI)
represents the increase in the production level. The transport level
increase is represented as (TLI), and the served demand is repre-
sented as (SD). In some cases, these flow variables consider the
usual production increase (UPI) and the usual transport increase
(UTI), or without the implementation of new infrastructure
projects.
RLI¼

RC >RL RC  RL
0 otherwise (14)
PLI¼

PC > PL maxðPC; UPIÞ
0 otherwise (15)
TLI¼

TC > TL maxðTC; UTIÞ
0 otherwise (16)
SD¼ TD (17)
Finally, the unmet demand (UD) is calculated as a performanceFig. 9. ECPD graphical behavior.
Fig. 10. Time series of natural gas in Colombia [4,5,7,72].
M. Becerra-Fernandez et al. / Energy 205 (2020) 118018 7measure, this is expected to be zero given the government’s interest
in maintaining a steady supply of natural gas.
UD¼

TD SD<0 0
TD SD otherwise (18)
As SD models usually represent a theory of behavior [71], in the
case of the natural gas supply chain industry these are supported by
stocks and flows diagrams. The SD approach often follows to: the
calibration and validation of the model, and several simulation runs
evaluate policy under different scenarios.Fig. 11. Comparison between histori3.4. Calibration and validation
In the calibration stage, the analysis of the units of measurement
used was applied. The calibration process used historical data from
UPME [4,5,7] and Ecopetrol (Colombian hydrocarbons company)
[72] (see Fig. 10).
Through calibration, the behavior of the main variables of the
model was observed, concerning the historical values presented
above (see Fig. 11). The values of the parameters are shown in
Table 2.
Eventually, in the calibration process, the forecast errors were
used, thus remarking that the SD model correctly represents the
natural gas supply (see Table 3).3.5. Scenario analysis in the natural gas model of demand,
transport, and production
In the Transitory Natural Gas Supply Plan [4], the national
government of Colombia presents an instrument for assessing the
supply and demand of this resource through the implementation of
infrastructure projects. In this document, the government proposes
projects for enhancing infrastructures that expand production.
Transport capacities are defined for thirty-five years (see Table 4),
in the case of production capacity in 307 [GCF], in terms of trans-
port capacity in 281 [GCF] (see Fig. 12), with an estimated cost of
400 MM [USD] for the expansion in production, and of 347 MM
[USD] for the expansion in transport [4].
The SDmodel applied to the Colombian case. A scenario analysiscal data and simulation results.
Table 2
Data and parameters list.
Description Unit of measure Quantity
Reserves capacity initial value (RC) GCF 7735
Production capacity initial value (PC) 236
Transport capacity initial value (TC) 239
Total demand initial value (TD) 232
Average reserves capacity increase (ARCI) (208)
Average production capacity increase (APCI) 18
Average transport capacity increase (ATCI) 13
Demand average increase (DAI) Percentage 4.14%
Time for reserves development (TRD) Year 6
Time for capacity construction in production (TPCC) 3
Time for transport capacity construction (TTCC) 3
Reserves, production and transport capacity lifetime (RCL), (PCL), (TCL) 20
Table 3
Forecast errors (summary).
Variable MSE RMSE MAD MAPE Accuracy
Demand 246 16 10 3.1% 96.9%
Transport 77 9 7 2.4% 97.6%
Production 274 17 13 3.8% 96.2%
Reserves 236815 487 280 3.8% 96.2%
Fig. 12. Capacity expansion through reserves exploration and infrastructure projects in
production and transport.
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operations intervening in the supply of this resource over twenty
years. It considers the impact of government intervention, facing
supply challenges, which enables us to analyze the upstream effects
in the supply chain of natural gas, in order to provide elements for a
sustainable supply policy. Three scenarios are presented (see
Table 5), and explained below:
 Business as Usual (BAU): in this base-case scenario the supply
continues without an increase in infrastructure.
 Business as Policies (BAP): in this scenario, the projects for the
implementation of reserve development, imported natural gas
through regasification plants, new gas pipelines, new stretchesTable 4
Infrastructure projects.
Stakeholders Expected increase in capacity (GCF) Year of implementation
Reserves 1040 Trough 20 years
3000
2000
Production 160.6 2023
146 2021
Transport 17.2 2019
27.1
45.9
20.9 2017
47.5 2019
29.6
6.7 2017
46.9 2023
31.3
7.0 2018
0.9and flows in transport are considered (see Table 4 and Fig. 12),
thus representing an increase in the national supply capacity.
 Business as Vision (BAV): the natural gas market in Colombia has
not developed extensively. Given its low cost, the low impact on
the environment and the possibility of finding a greater number
of reserves, it is considered as a transition fuel between fossil
energy sources and sources of renewable energy. In this sce-
nario, it is expected to observe the behavior of natural gas
supply, considering a policy implementation and a significant
increase in demand.3.6. Results and discussion
The results of the mentioned scenarios are presented and relate
to the following variables:Table 5
Scenarios of the model.
Changes included/Scenario BAU BAP BAV
Supply policies  
Market development 
Fig. 13. Behavior of reserves capacity (RC) under three different scenarios.
Fig. 15. Behavior of transport capacity (TC) under three different scenarios.
M. Becerra-Fernandez et al. / Energy 205 (2020) 118018 9 Capacity variables: reserves capacity (RC), production capacity
(PC) and transport capacity (TC).
 Natural gas flow variables: reserves level (RL), production level
(PL) and transport level (TL).
 Demand variables: total demand (TD), served demand (SD) and
unmet demand (UD).3.6.1. Capacity variables
These variables represent the capacity needs generated by the
natural gas supply chain, considering the interactions between the
supply and demand of each of the actors/operation involved in this
supply.
The reserve capacity (RC) in the BAU scenario is constantly
decreasing, and reaches 1308 [GCF] in the year 2040. The BAP and
BAV scenarios consider the implementation of exploration projects
and the generation of new reserves from 2017, which represents an
increase in this capacity to the year 2040 reaching 5529 [GCF] (see
Fig. 13).
The production capacity (PC) in the BAU scenario reaches a value
of 934 [GCF] in the year 2040. For the BAP and BAV scenarios, this
capacity reaches a value of 1031 [GCF] in the year 2040, in responseFig. 14. Behavior of production capacity (PC) under three different scenarios.to the infrastructure projects in production implemented in the
years 2021 and 2023 (see Fig. 14).
The transport capacity (TC) in the BAU scenario reaches a value
of 647 [GCF] in the year 2040. For the BAP and BAV scenarios, this
capacity reaches an approximate value of 744 [GCF] in the year
2040, which corresponds to the transport infrastructure projects
implemented between 2017 and 2023 (see Fig. 15).3.6.2. Natural gas flow variables
These variables represent the flow of natural gas through the
interconnected supply chain. They consider the dispatch of natural
gas from the level of reserves, through the level of production and
the level of transport, where the latter variable responds to the
demand needs.
In the BAU scenario, the reserve level is constantly decreasing
and reaches zero in 2025, generating a shortage. In the BAP and BAV
scenarios, given the implementation of the new reserve develop-
ment policies, a level of 4293 [GCF] is reached in the year 2040 (see
Fig. 16).
Due to the depletion of the level of reserves (RL) in the BAUFig. 16. Behavior of reserves level (RL) under three different scenarios.
Fig. 17. Behavior of production level (PL) under three different scenarios.
Fig. 19. Behavior of total demand (TD) under three different scenarios.
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[GCF] and subsequently falls to zero. In the BAP and BAV scenarios,
this production level stabilizes at 1056 [GCF] (see Fig. 17).
The transport level (TL) in the BAU scenario reaches a maximum
of 978 [GCF] and subsequently falls to zero given the shortages
generated by the depletion of the level of reserves (RL) (see Fig. 16).
In the BAP scenario, the transport level reaches a maximum of 723
[GCF], subsequently, it shows a decrease due to the constant in-
crease in demand (TD). Finally, in the BAV scenario (which con-
siders a significant increase in demand), the transport level reaches
a maximum of 718 [GCF] and subsequently reduces down to values
close to zero. This could indicate the incapacity of the natural gas
supply chain, due to the demand increase considered in this sce-
nario (see Fig. 18).3.6.3. Demand variables
Total demand (TD) is calculated under the three proposed sce-
narios (BAU, BAP and, BAV). The served demand (SD) and the unmet
demand (UM) for each scenario are used as performance measures.Fig. 18. Behavior of transport level (TL) under three different scenarios.These are indicators of sustainable growth for the natural gas
supply chain as they can establish if growth is attained under un-
interruptedly gas-supplied conditions.
In all three scenarios, demand growth is expected. In the BAU
scenario, it reaches a value of 952 [GCF] in the year 2040. As for the
BAP scenario, due to the implementation of supply policies, the
demand reaches a value of 1037 [GCF] in the year 2040. The BAV
scenario analyzes the behavior of the model which shows an in-
crease in demand of 36% (higher values than this increase in de-
mand generate shortages of natural gas in the supply chain), which
generates a maximum of 1339 [GCF] in the year 2040 (see Fig. 19).
The served demand (SD) in the BAU scenario reaches a
maximum of 592 [GCF] and subsequently falls to zero, as
mentioned, due to the shortage generated by the depletion of re-
serves (see Fig. 16). In the BAP scenario, with a fluctuation due to
the increase in demand (see Fig. 19), it reaches a maximum of 1008
[GCF]. In contrast, the BAV scenario has a better response due to the
implementation of the supply policies and the increase in the de-
mand, thereby reaching a maximum of 1264 [GCF] (see Fig. 20).
One of the main objectives of energy-related public policies is
the uninterrupted supply to consumers. For this reason, the resultFig. 20. Behavior of served demand (SD) under three different scenarios.
Fig. 21. Behavior of unmet demand (UD) under three different scenarios.
M. Becerra-Fernandez et al. / Energy 205 (2020) 118018 11emerging from the implementation of the policies explored in this
paper is expected to be zero in unmet demand (UD). The scenario
that guarantees this condition is the BAP scenario, which indicates
that the policies would respond to the estimated demand. In the
BAU scenario, a value of 590 [GCF] is initially reached in the natural
gas shortages, reaching a value of 952 [GCF] in the year 2040. In the
BAV scenario, initially, shortages of 241 [GCF] are presented and
subsequently, a value of 45 [GCF] is reached (see Fig. 21).
Simulations show that policies promote the sustainable growth
of the natural gas industry. This is achieved by providing the correct
signals for bringing just-in-time capacity investment through the
supply chain, thus maintaining the appropriate reserve capacity
levels along the chain links. Production and transport capacities of
natural gas are shown to be aligned with consumption growth.
Policy keeps the level of reserves at reliable values. Production
increases and stabilizes during the planning horizon. The transport
level increases as a result of the policy signals; however, in the
market development scenario, it decreases in the long-term,
threatening outages. This implies the need for capacity expansion
in the pre-transport links along the supply chain. In contrast, failure
to implement policies for market development will lead to the
depletion of reserves, production and transport levels from early
2025.
Natural gas demand grows at similar rates in all scenarios,
except for the market development scenario, where it grows at
higher rates. Shortages occur when policies are not applied,
establishing that they are needed.
4. Conclusions, limitations and future perspectives
This paper proposes and discusses a model that combines the
demand, transport, production and reserves of natural gas for the
Colombian case, through a methodology, that enables us to observe
the behavior of the supply of natural gas in a given time-interval,
through the supply policies implementation and expected de-
mand growth.
Although reserves of natural gas are declining rapidly in
Colombia, this paper shows that this fuel can help secure the
transition towards renewables by getting in place the appropriate
policy that promotes exploration, discoveries and developments of
natural gas in the country. The development of reserves is a key
factor for promoting upstream investment along the natural gassupply chain (production, transport and demand).
This paper also shows that modeling policy for the sustainable
growth of the natural gas supply chains may help understanding
not only of how to promote exploration but also a balance of ca-
pacities investments over the other components along the gas
supply chain. This structural approach supports the stages of
design, planning and operation management of natural gas supply,
improving the performance in the timely allocation of resources,
enabling uninterrupted supply, demand satisfaction and growth of
the natural gas market.
For the natural gas supply policy analysis, three different sce-
narios are presented in which different degrees of policy imple-
mentation and demand growth are combined. These scenarios
consider the possibility that policy makers allocate resources to
speed up the execution times of infrastructure projects, and also
formulate policies in which there is greater or fewer reserve se-
curity in the supply.
Through the scenario evaluation, it is possible to observe the
effect of the policies in the capacity generation, by increasing the
discrepancy in supply needs between reserves, production and
transport levels. These increases respond efficiently to demand
requirements. These oscillations increase backward in the supply
chain, in the case between transport and production levels, which
is known as the bullwhip effect and has been widely studied by
Forrester [17] in supply chain research by using SD.
Finally, the paper shows that if the appropriate policy that
considers the natural gas supply is not in place, there is no guar-
antee of continued supply of natural gas, specifically in the no
policy implementation and no demand growth (BAU) scenario.
Results indicate that security of supply is not guaranteed in the long
term, if policies focused on security of supply are not in place.
Some limitations for the development of this research center on
the difficulty to obtain updated historical data. The data is reported
in several units of measurement, which involves additional stages
of validation prior to the development of the simulation models. In
Colombia, there is no centralized information. Much of this is found
in databases and reports of public and private actors operating in
the natural gas sector. Many of these difficulties were solved with
the support of Hydrocarbons Section of the UPME.
Future research will seek to guide the supply chain models in
energy by using SD in themigration of conventional energy sources
to sustainable energy sources, with a focus on the Colombian case.
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supply chain modelsTable 6
Literature review of natural gas supply chain models.
Modeling approach Author Year Energy resource Research subject
Optimization models Cafaro DC, Grossmann
IE.
2014 Shale gas Design and planning of the supply chain
Gao J. et al. 2015 Biomass-to-liquids
Gao J, You F. 2017 Shale gas Performance and optimal design of energy supply chains
Elia JA. et al. 2014 Heat, power, and liquid fuels
Gao J, You F. 2015 Shale gas Sustainable planning and optimization of the supply chain
Guerra OJ. et al. 2016
Optimization and simulation methods Hamedi M. et al. 2009 Natural gas Planning activities in natural gas supply chain networks
Elia JA. et al. 2014 Natural gas and natural gas
liquids
Derosa SE, Allen DT. 2015
Elia JA. et al. 2015
Bibliographic analysis Espinoza Perez AT. 2016 Bioenergetics Supply chain design and management
Economic model Hoo PY. et al. 2017
Network flow model Jensen IG. et al. 2017
Stochastic programming Ghelichi Z. et al. 2018
Optimization model Bekkering J. et al. 2018
Werner A. et al. 2014 Liquefied natural gas Strategic planning process in supply chain
Geng JB. et al. 2017
Bittante A. et al. 2018
Techno-economic and life cycle analyses
models
Sapkota K. et al. 2018 Natural gas
Optimization model Tan SH, Barton PI. 2017 Shale gas Supply chain planning
Stochastic programming model Chebeir J. 2017
Optimization model He L. et al. 2018
Stochastic model Chen Y. et al. 2018
Integrated model Jiang J. et al. 2019 Oil Decision making for stakeholders
Rui Z. et al. 2018
Literature review Dujak D. 2017 Natural gas Effective use of natural gas supply chain
Dynamic model Crow DJG. et al. 2018 Emissions and environmental effects
Probabilistic model Balcombe P. 2018
Montecarlo model Hauck M. et al. 2014 Natural gas for electricity generation
Optimization model Safarian S. et al. 2013 Allocation of capacities in the supply of natural gas
Fan YY. et al. 2017
Mikolajkova M. et al. 2017 Infrastructure for transportation and distribution of natural
gas
Mikolajkova M. et al. 2018
Malinowski E. et al. 2018 Helium Effects of the demand on supply chainAppendix B. Summary of the literature review on SD for
energy supplyTable 7
Literature review of SD models related.
Author Year Energy resource Research subject
North MJ. et al. 2015 Natural gas and oil Supply of natural gas
Cai Z. et al. 2010 Helium
Ponzo R. el al. 2011 Natural gas
Bunn DW. et al. 1997 Natural gas and electricity Energy market and natural gas
Jingchun S. et al. 2010 Natural gas
Li J, Dong. et al. 2011
Olaya Y, Dyner I. 2005 Policy and decision-making processes
Chyong Chi K. 2009
Eker S, van Daalen E. 2015 Biomethane
Horschig T. et al. 2016 Bio-SNG
Bala BK. 2006 Biomass Environmental impact of energy supply
Howells M. et al. 2010 Electricity system
Yücel G, van Daalen C. 2012
Eker S, Daalen E Van. 2013 Natural gas
Becerra-Fernandez M. et al. 2019 Natural gas supply policy assessment
Becerra-Fernandez M. et al. 2018
Becerra-Fernandez M, Rodriguez-Yee R. 2017
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Demand_TD(t) ¼ Demand_TD(t - dt) þ (Demand_growth_DG) *
dt.
INIT Demand_TD ¼ 232.51.
INFLOWS:
Demand_growth_DG ¼ IF(BAV ¼ 1)THEN(IF(TIME<2016)
THEN(Demand_aver-
age_increase_-
DAI*Demand_TD*Effect_of_consumer_price_on_demand_ECPD)
ELSE((-
Demand_average_increase_DAI*Demand_TD*Potential_demand_-
PD)*Effect_of_consumer_price_on_demand_ECPD))ELSE(Demand_
average_increase_DAI*Demand_TD*Effect_of_consumer_price_
on_demand_ECPD)
Possible_reserves_PR(t) ¼ Possible_reserves_PR(t -
dt) þ (New_reserves_development_NRD - Reserves_deve-
lopment_RD) * dt.
INIT Possible_reserves_PR ¼ 1.
INFLOWS:
New_reserves_development_NRD ¼ Average_reserves_capacity_
increase_ARCI*Effect_of_wellhead_price_on_reserves_EWPR.
OUTFLOWS:
Reserves_development_RD ¼ Possible_reserves_PR/
Time_for_reserves_development_TRD.
Production_capacity_PC(t) ¼ Production_capacity_PC(t -
dt) þ (Production_capacity_completion_PCC þ Production_
policies_PP - Obsolete_production_capacity_OPC) * dt.
INIT Production_capacity_PC ¼ 236.
INFLOWS:
Production_capacity_completion_PCC ¼ Production_capacity_
under_construction_PCUC/
Time_for_capacity_constrution_in_production_TPCC.
Production_policies_PP ¼ IF(BAP ¼ 1)THEN(P_2021þP_2023)
ELSE(0)
OUTFLOWS:
Obsolete_production_capacity_OPC ¼ Production_capacity_PC/
Production_capacity_lifetime_PCL.
Production_capacity_under_construction_PCUC(t) ¼ Production_
capacity_under_construction_PCUC(t - dt) þ (New_produc
tion_capacity_construction_NPCC - Production_capacity_comple-
tion_PCC) * dt.
INIT Production_capacity_under_construction_PCUC ¼ 1.
INFLOWS:
New_production_capacity_construction_NPCC ¼ Average_
production_capacity_increase_APCI*Effect_of_wellhead_price_
on_production_EWPP.
OUTFLOWS:
Production_capacity_completion_PCC ¼ Production_capacity_
under_construction_PCUC/
Time_for_capacity_constrution_in_production_TPCC.
Production_level_PL(t) ¼ Production_level_PL(t - dt) þ
(Production_level_increase_PLI - Transport_level_increase_TLI) *
dt.
INIT Production_level_PL ¼ 236.
INFLOWS:
Production_level_increase_PLI ¼ IF(BAU ¼ 1)THEN(Usual_pro-
duction_increas_UPI*Production_fluctuation_PF)ELSE(-
IF(Production_capacity_PC>Production_level_PL)
THEN((MAX(Production_capacity_PC,Usual_production_increas_-
UPI)*Production_fluctuation_PF))ELSE(0))
OUTFLOWS:
Transport_level_increase_TLI ¼ IF(BAU ¼ 1)THEN(Usual_transport_increase_UTI*Transport_fluctuation_TF)
ELSE(IF(Transport_capacity_TC>Transport_level_TL)
THEN((MAX(Transport_capacity_TC,Usual_transport_increase_UT-
I)*Transport_fluctuation_TF))ELSE(0))
P_BAU(t) ¼ P_BAU(t - dt) þ (Normal_P) * dt.
INIT P_BAU ¼ 236.
INFLOWS:
Normal_P ¼ 0.0602*P_BAU.
Reserves_capacity_RC(t) ¼ Reserves_capacity_RC(t -
dt) þ (Reserves_development_RD þ Reserves_policies_RP - Obso-
lete_reserves_capacity_ORC) * dt.
INIT Reserves_capacity_RC ¼ 7527.
INFLOWS:
Reserves_development_RD ¼ Possible_reserves_PR/Time_for_
reserves_development_TRD.
Reserves_policies_RP ¼ IF(BAP ¼ 1)THEN(STEP(R_through_20/
R_implementation_time,2017))ELSE(0)
OUTFLOWS:
Obsolete_reserves_capacity_ORC ¼ Reserves_capacity_RC/
Reserves_capacity_lifetime_RCL.
Reserves_level_RL(t) ¼ Reserves_level_RL(t - dt) þ (Reserves_
level_increase_RLI - Production_level_increase_PLI) * dt.
INIT Reserves_level_RL ¼ 7527.
INFLOWS:
Reserves_level_increase_RLI ¼ IF(BAU ¼ 1)THEN(Reserves_-
fluctuation_RF)ELSE(-
IF(Reserves_capacity_RC>(Reserves_le-
vel_RLþReserves_fluctuation_RF))THEN(Reserves_capacity_RC-
(Reserves_level_RLþReserves_fluctuation_RF))ELSE(0))
OUTFLOWS:
Production_level_increase_PLI ¼ IF(BAU ¼ 1)THEN(Usual_pro-
duction_increas_UPI*Production_fluctuation_PF)ELSE(-
IF(Production_capacity_PC>Production_level_PL)
THEN((MAX(Production_capacity_PC,Usual_production_increas_-
UPI)*Production_fluctuation_PF))ELSE(0))
Transport_capacity_TC(t) ¼ Transport_capacity_TC(t - dt) þ
(Transport_capacity_completion_TCC þ Transport_policies_TP -
Obsolete_transport_capacity_OTC) * dt.
INIT Transport_capacity_TC ¼ 239.805.
INFLOWS:
Transport_capacity_completion_TCC ¼ Transport_capacity_
under_construction_TCUC.
/Time_for_transport_capacity_construction_TTCC.
Transport_policies_TP ¼ IF(BAP ¼ 1)THEN(T_2017þT_2018þ
T_2019þT_2023)ELSE(0)
OUTFLOWS:
Obsolete_transport_capacity_OTC ¼ Transport_capacity_TC/
Transport_capaity_lifetime_TCL.
Transport_capacity_under_construction_TCUC(t) ¼ Transport_
capacity_under_construction_TCUC(t - dt) þ (New_transport_
capacity_construction_NTCC - Transport_capacity_completion_
TCC) * dt.
INIT Transport_capacity_under_construction_TCUC ¼ 1.
INFLOWS:
New_transport_capacity_construction_NTCC ¼ Average_
transport_capacity_increase_ATCI*Effect_of_consumer_price_on_
transport_ECPT.
OUTFLOWS:
Transport_capacity_completion_TCC ¼ Transport_capacity_
under_construction_TCUC.
/Time_for_transport_capacity_construction_TTCC.
Transport_level_TL(t) ¼ Transport_level_TL(t - dt) þ (Trans-
port_level_increase_TLI - Served_demand_SD) * dt.
INIT Transport_level_TL ¼ 239.805.
INFLOWS:
M. Becerra-Fernandez et al. / Energy 205 (2020) 11801814Transport_level_increase_TLI ¼ IF(BAU ¼ 1)THEN(Usual_-
transport_increase_UTI*Transport_fluctuation_TF)ELSE(-
IF(Transport_capacity_TC>Transport_level_TL)
THEN((MAX(Transport_capacity_TC,Usual_transport_increase_UT-
I)*Transport_fluctuation_TF))ELSE(0))
OUTFLOWS:
Served_demand_SD ¼ Natural_Gas_Demand_NGD.
T_BAU(t) ¼ T_BAU(t - dt) þ (Normal_T) * dt.
INIT T_BAU ¼ 239.85.
INFLOWS:
Normal_T ¼ 0.0462*T_BAU.
Average_production_capacity_increase_APCI ¼ 18.3.
Average_reserves_capacity_increase_ARCI ¼ 208.4.
Average_transport_capacity_increase_ATCI ¼ 13.8.
BAP ¼ 1.
BAU ¼ 1.
BAV ¼ 1.
Consumer_price_CP ¼ GRAPH(Supply_margin_SM)
(0.1, 20.0), (0.45, 18.7), (0.8, 16.6), (1.15, 15.1), (1.50, 13.5), (1.85,
12.2), (2.20, 11.1), (2.55, 10.2), (2.90, 9.34), (3.25, 8.57), (3.60, 7.90),
(3.95, 7.12), (4.30, 6.50), (4.65, 5.78), (5.00, 5.21)
Demand_average_increase_DAI ¼ 0.0414.
Demand_fluctuation_DF ¼ GRAPH(TIME)
(2006, 1.00), (2007, 1.05), (2008, 1.08), (2009, 1.00), (2010, 1.05),
(2011, 1.08), (2012, 1.00), (2013, 1.05), (2014, 1.08), (2015, 1.00),
(2016, 1.05), (2017, 1.08), (2018, 1.00), (2019, 1.05), (2020, 1.08),
(2021, 1.00), (2022, 1.05), (2023, 1.08), (2024, 1.00), (2025, 1.05),
(2026, 1.08), (2027, 1.00), (2028, 1.05), (2029, 1.08), (2030, 1.00),
(2031, 1.05), (2032, 1.08), (2033, 1.00), (2034, 1.05), (2035, 1.08),
(2036, 1.00), (2037, 1.05), (2038, 1.08), (2039, 1.00), (2040, 1.05),
(2041, 1.08), (2042, 1.00)
Effect_of_consumer_price_on_demand_ECPD ¼ GRAPH
(Consumer_price_CP)
(5.00, 1.60), (5.79, 1.58), (6.58, 1.55), (7.37, 1.52), (8.16, 1.48),
(8.95, 1.43), (9.74, 1.40), (10.5, 1.35), (11.3, 1.32), (12.1, 1.25), (12.9,
1.19), (13.7, 1.12), (14.5, 1.06), (15.3, 0.982), (16.1, 0.871), (16.8,
0.739), (17.6, 0.586), (18.4, 0.449), (19.2, 0.322), (20.0, 0.1)
Effect_of_consumer_price_on_transport_ECPT ¼ GRAPH
(Consumer_price_CP)
(5.00, 0.01), (5.79, 0.695), (6.58, 0.998), (7.37, 1.23), (8.16, 1.50),
(8.95, 1.73), (9.74, 1.91), (10.5, 2.03), (11.3, 2.21), (12.1, 2.34), (12.9,
2.45), (13.7, 2.51), (14.5, 2.64), (15.3, 2.71), (16.1, 2.82), (16.8, 2.86),
(17.6, 2.95), (18.4, 3.01), (19.2, 3.09), (20.0, 3.18)
Effect_of_wellhead_price_on_production_EWPP ¼ GRAPH
(Wellhead_price_WP)
(1.50, 0.01), (1.68, 0.437), (1.87, 0.807), (2.05, 1.10), (2.24, 1.30),
(2.42, 1.50), (2.61, 1.66), (2.79, 1.87), (2.97, 2.02), (3.16, 2.21), (3.34,
2.34), (3.53, 2.41), (3.71, 2.55), (3.89, 2.71), (4.08, 2.78), (4.26, 2.93),
(4.45, 3.05), (4.63, 3.12), (4.82, 3.23), (5.00, 3.30)
Effect_of_wellhead_price_on_reserves_EWPR ¼ GRAPH
(Wellhead_price_WP)
(1.50, 0.001), (1.85, 0.00336), (2.20, 0.0055), (2.55, 0.00666),
(2.90, 0.00797), (3.25, 0.00861), (3.60, 0.00918), (3.95, 0.00949),
(4.30, 0.00987), (4.65, 0.00994), (5.00, 0.01)
Extaction_margin_EM ¼ (Possible_reserves_PRþReserves_
capacity_RC)/(Production_capacity_under_construction_PCUCþ
Production_capacity_PC)
Natural_Gas_Demand_NGD ¼
Demand_TD*Demand_fluctuation_DF.
Potential_demand_PD ¼ 1.1.
Production_capacity_lifetime_PCL ¼ 20.
Production_fluctuation_PF ¼ GRAPH(TIME)
(2006, 1.00), (2007, 1.10), (2008, 1.14), (2009, 1.25), (2010, 1.20),
(2011, 1.05), (2012, 0.9), (2013, 0.95), (2014, 0.99), (2015, 0.8), (2016,
0.65), (2017, 1.00), (2018, 1.10), (2019,1.14), (2020, 1.25), (2021, 1.20),(2022, 1.05), (2023, 0.9), (2024, 0.95), (2025, 0.99), (2026, 0.8),
(2027, 0.65), (2028, 1.00), (2029, 1.10), (2030, 1.14), (2031, 1.25),
(2032, 1.20), (2033, 1.05), (2034, 0.9), (2035, 0.95), (2036, 0.99),
(2037, 0.8), (2038, 0.65), (2039, 1.00), (2040, 1.10), (2041, 1.14),
(2042, 1.25)
P_2021 ¼ PULSE(146,2021,0)
P_2023 ¼ PULSE(160.6,2023,0)
Reserves_capacity_lifetime_RCL ¼ 20.
Reserves_fluctuation_RF ¼ GRAPH(TIME)
(2006, 0.00), (2007, 76.0), (2008, 24.0), (2009, 250), (2010, 800),
(2011, 0.00), (2012, 0.00), (2013, 0.00), (2014, 0.00), (2015, 0.00),
(2016, 0.00), (2017, 0.00), (2018, 0.00), (2019, 0.00), (2020, 0.00),
(2021, 0.00), (2022, 0.00), (2023, 0.00), (2024, 0.00), (2025, 0.00),
(2026, 0.00), (2027, 0.00), (2028, 0.00), (2029, 0.00), (2030, 0.00),
(2031, 0.00), (2032, 0.00), (2033, 0.00), (2034, 0.00), (2035, 0.00),
(2036, 0.00), (2037, 0.00), (2038, 0.00), (2039, 0.00), (2040, 0.00),
(2041, 0.00), (2042, 0.00)
R_implementation_time ¼ 20.
R_through_20 ¼ 6040.
Supply_margin_SM ¼ ((Production_capacity_PCþTransport_
capacity_TC)/2)/Natural_Gas_Demand_NGD.
Time_for_capacity_constrution_in_production_TPCC ¼ 3.
Time_for_reserves_development_TRD ¼ 6.
Time_for_transport_capacity_construction_TTCC ¼ 3.
Transport_capaity_lifetime_TCL ¼ 20.
Transport_fluctuation_TF ¼ GRAPH(TIME)
(2006, 1.00), (2007, 1.08), (2008, 1.08), (2009, 1.08), (2010, 1.00),
(2011, 1.05), (2012, 0.9), (2013, 0.95), (2014, 1.02), (2015, 0.97),
(2016, 0.9), (2017,1.00), (2018,1.08), (2019,1.08), (2020,1.08), (2021,
1.00), (2022, 1.05), (2023, 0.9), (2024, 0.95), (2025, 1.02), (2026,
0.97), (2027, 0.9), (2028,1.00), (2029,1.08), (2030,1.08), (2031,1.08),
(2032, 1.00), (2033, 1.05), (2034, 0.9), (2035, 0.95), (2036, 1.02),
(2037, 0.97), (2038, 0.9), (2039, 1.00), (2040, 1.08), (2041, 1.08),
(2042, 1.08)
T_2017 ¼ PULSE(27.5,2017,0)
T_2018 ¼ PULSE(7.9,2018,0)
T_2019 ¼ PULSE(167.3,2019,0)
T_2023 ¼ PULSE(78.2,2023,0)
Unmet_demand_UD ¼ IF((Natural_Gas_Demand_NGD-Ser-
ved_demand_SD) < 0)THEN(0)ELSE(Natural_Gas_Demand_NGD-
Served_demand_SD)
Usual_production_increas_UPI ¼ P_BAU.
Usual_transport_increase_UTI ¼ T_BAU.
Wellhead_price_WP ¼ GRAPH(Extaction_Margin_EM)
(1.00, 5.00), (4.50, 4.70), (8.00, 4.33), (11.5, 3.91), (15.0, 3.53),
(18.5, 3.21), (22.0, 2.92), (25.5, 2.68), (29.0, 2.45), (32.5, 2.29), (36.0,
2.09), (39.5, 1.95), (43.0, 1.79), (46.5, 1.63), (50.0, 1.51)References
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